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ABSTRACT 


Precision measurements of gamma energies from 100 to 600 keV in the decays of 
ThB, Au!8, Sm8, and Ir! are reported with the following results for three strong 
standard reference lines: 


AM 133 Au198 Sm153 
238.599 + 0.022 keV 411.770 + 0.033 keV 103.175 + 0.004 keV 


An efficiency calibration of the curved crystal (quartz (310), 1.5 mm thick, 2 m 
radius), is found to give the following energy dependence of the reflection coefficient: 


Bp aa 1.99+0.10 


The spectrometer efficiency is further discussed and relative intensities of some 
strong lines in Ir! are given. 


1. Short review of crystal diffraction spectrometers for gamma rays 


The methods of crystal diffraction for precise energy and intensity measurements 
of electromagnetic radiation have for several decades been extremely successful in 
the field of X-rays. For measurements on gamma rays, however, the lack of suffi- 
ciently strong sources has prevented a successful application of the diffraction tech- 
niques, which are of a rather low efficiency. The development of thermal reactors with 
neutron fluxes above 10!4 neutrons/sec., cm® has essentially removed this difficulty, 
and the clean and direct methods of crystal diffraction can be regarded as a valuable 
complement to the magnetic analysis of external and internal conversion-as well as 
Compton scattered electrons. In particular for the study of (n,y) reactions, the crystal 
spectrometer has proved a valuable tool, competing with other types of instruments 
46}. 
The conventional curved crystal mounting for hard X-rays, developed by Y. 
Cauchois, can be directly applicable to gamma rays, Fig. 1. The extended source 
is placed on the convex side of the crystal and gives a focussed spectrum along the 
Rowland circle. This arrangement is particularly suitable for photographic detec- 
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Fig. 1. The Cauchois arrangement of a curved crystal spectrometer. Photographic detection 
is usually employed. 


Fig. 2. The Du Mond arrangement of a curved crystal spectrometer. The device is essentially 
a monochromator. 


tion. J. W. M. Du Mond introduced a new mounting in his wellknown spectrometer 
by reversing the positions of the source and the detector, making use of an “inverted 
beam direction’, Fig. 2. The instrument becomes essentially a monochromator, with 
comparatively high efficiency for small sources. As the spectral lines are virtual, 
electronic registration “point by point” is necessary. Several mechanical arrange- 
ments are possible, depending on whether the source, crystal, or detector is kept 
stationary while a spectrum is explored. In both the Cauchois and Du Mond arran- 
gements it becomes necessary to use a Sollar slit, or collimator, in order to shield the 
detector from the direct beam at high energies. In this way, Chupp ef al. [1] have 
been able to record lines of energies up to 2.2 MeV (from the p(n,y)d reaction) with 
a photographic Cauchois arrangement. The highest energy measured with Du Mond’s 
instument so far, is 1.6 MeV [2]. 


Table 1. Crystal diffraction spectrometers for gamma rays. 


1. Photographic Cauchois mounting. 
a. Cal. Tech., Pasadena, 2 m, quartz (310) 2mm, Du Mond [5, 6] 
b. Univ. Cal., Livermore, same as a. Coulomb excitation work: Chupp et al. [6-8] 
c. Uppsala, 2m, quartz (310) 1.5 mm, Beckman [9] 


bo 


. Du Mond mounting, fixed detector. 
a. Cal. Tech., Pasadena, 2m, quartz (310) 2mm, Du Mond [10] 
b. Stockholm, 1 m, quartz (310) 1 mm, Ryde and Andersson [11] 
c, Leningrad, 2m, quartz (310) 1.6 mm, Lukirskii and Sumbaev [12] 
d. Chalk River, 2m, quartz (310) 1 mm, gold single crystals 1 mm, Knowles [3] 
3. Du Mond mounting, fixed source. 
a. Argonne N.L., 7.7 m, quartz (310) 4mm, Hamermesh et al. [13] 
b. Uppsala, 2m, quartz (310) 1.5 mm, Beckman and Bergvall [14], this report 
c. Techn. Hochs. Miinchen, 4.6m, quartz (100) 3mm, Schult [15] 
4. Du Mond mounting, fixed crystal. 


a. Univ. Cal. Berkeley, 0.125 m, quartz (310) 0.2 mm, Barton et al. [16] 
b. Argonne N.L., 0.25 m, topaz (303) 0.2 mm, Day [17] 


Ou 


. Double flat crystal spectrometer. 
a. Chalk River, calcite (211) 23 or 62 mm, Knowles [3] 
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For energies above 1.5 MeV, curved crystal instruments yield a rather poor resolu- 
tion, > 2%, and the efficiency is very low. The development of the double flat crystal 
spectrometer for nuclear spectroscopy by Knowles et al. [3] at Chalk River, Canada. 
has shown the possibilities of using crystal diffraction techniques also for MeV 
energies. The authors report [4] thermal neutron capture gamma rays measured in 
the energy region of 0.34 to 5 MeV with a nearly constant resolution of 0.5%. By 
using crystals of different thicknesses in different energy regions, the efficiencies 
can be kept comparatively high. 

In Table 1 a list of the gamma ray diffraction spectrometers in operation is given. 
It has been chosen to quote the radius of curvature, the crystal plane and thickness 
for each instrument. For further information the reader should consult the references. 


2. Description of the present spectrometer construction 


The principles of the present spectrometer construction have been elaborated in 
a previous report [14]. A detailed description of the component parts of the instru- 
ment, the adjustment and calibration procedures, and an extensive discussion of 
systematic errors can also be found in that report. The changes made in the con- 
struction before the present investigation are: substitution of the source slit for a 
source holder, removal of the monitor, and addition of a new collimator. A few 
important considerations will, however, be reviewed here, together with a brief 
general description of the instrument. 


2.1. General considerations 


In order to utilize the high resolving power afforded by the curved crystal spectro- 
meter in the keV energy region, it is essential that the mechanical construction be 
of high quality. To illustrate the requirements we can cite the fact that 5% of the 
half-width of a spectral line is found to correspond to only 0.005 mm on a Rowland 
circle of 2 m diameter. In fact, three of the spectrometers in Table 1 (2a and b, 3a) 
were at first found to possess unforeseen mechanical weaknesses, and for two of the 
instruments (2c and d) no precision energy measurements have yet been reported. 

The object of the mechanical system is to enable a change of the Bragg angle setting 
while at the same time the focussing conditions are maintained. Considering the 
three components—source, crystal, and detector—in the Du Mond mounting, it 
should be realized that it is the position of the source relative to the crystal which is 
the most critical, as the direction of the radiation incident on the crystal surface and 
the crystal normal define the Bragg angle. The detector position, on the other hand, 
need be maintained only within the limits determined by the requirement that all 
of the diffracted radiation be detected. It stands to reason that a change in Bragg 
angle is preferably brought about by moving only one of the critical items (source or 
crystal) and the detector. Moving source and detector has been practised in the 
instruments 4a and b Table 1. Moving the crystal and detector has several advantages 
and this principle was therefore chosen for the present spectrometer construction. 
One advantage is that heavy shielding can be concentrated around the source, the 
logical place for shielding. A second advantage is the fact that the Bragg angle is 
given simply by half the angle of rotation of the curved crystal between the two 
mirror-symmetric positions of the spectrometer where Bragg reflection occurs. This 
angle is read off a precision circular scale with high accuracy. 
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Fig. 4. Total view of the spectrometer, except for the source arrangement, which is situated to 

the right of the picture. The screws for the precision motion of the detector and the crystal and 

circular scale are visible in the lower foreground. The optical system is seen at the top of the 

picture, a lamp, slit and lens mounted on the detector, a mirror supported on the crystal table, 

and a box, seen in the background in the uppermost part of the picture, provided with a slit and 
housing a phototube and amplifier. 
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2.2. Description of the spectrometer 


The general arrangement is drawn schematically in Fig. 3, and a photograph of 
the main parts, with the exception of the source holder, is found in Fig. 4. The beam 
travels from the source S in Fig. 3 to the right through a shielding lead tube, hits 
the curved crystal C, and is diffracted through the collimator 7’ into the detector 
D. The source, which is self-defining, can be moved along the beam direction, which 
is necessary to ensure focussing for measurements below 200 keV, ef. sec. 3.1. During 
the actual measurements, the source is of course kept fixed. The curved crystal is 
made of quartz (310) with a thickness of 1.5 mm, bent to a radius of 2 m between 
cylindrical steel clamping blocks. The free aperture is 15:20 mm?. 

The collimator consists of 13 sheets of tungsten metal of dimensions 250-20- 
0.5 mm, held apart by tapered brass strips along the 250 mm edges and clamped 
between aluminium plates. A close up view can be seen in Fig. 5. Unnecessary lead 
and steel shielding will only scatter and has been avoided around the collimator. 
The collimator transmission curve was recorded in the direct beam using Co® radia- 
tion, which consists of 1.1 and 1.3 MeV gammas. As can be seen in the diagram, 
Fig. 6, measurements with the spectrometer should be possible up to at least 1.2 MeV 
without serious interference of the direct beam. The main limitation below this 


of the crystal table and detector arrangement. The beam travels from the 
left to the right in this picture. 


Fig. 5. Close up view 
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Fig. 6. Experimental transmission curve of the collimator for hard gamma radiation. The suffi- 

ciency of the optical system is witnessed by the dashed curve, which is narrow in comparison 

with the flat top of the collimator curve. The ability of the collimator to resolve the direct and 

diffracted beams is demonstrated by the horizontal axes, where wavelengths and energies, cor- 
responding to various angular separations of the beams, are indicated. 


energy is the low efficiency, which will be discussed later. The extent of the flat top 
of the transmission curve is advantageously large and determines the accuracy 
with which the detector need be oriented relative to the diffracted beam direction 
during a measurement. The correct collimator position is easily found for a strong 
line in a source, and an optical system, visible in Fig. 4, ensures the proper alignment 
during the rest of the measurements. This consists of an illuminated slit, mounted 
on the detector, a lens, forming an image of the slit after reflection in a mirror 
mounted on the crystal table. The image is allowed to fall through a second slit, 
fixed in the room, on to a phototube. The amplified photocurrent is indicated as a 
dashed curve in Fig. 6. 

The detector is a NalI(T]) scintillation counter, combined with a linear amplifier 


and differential discriminator. The electronics were built by Dr Astrém at the Nobel 
Institute in Stockholm. 
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Fig. 7. An X-ray and a gamma- ray line superimposed in order to show the influence of natural 


line width on the spectral line shape. 


2.3. Spectrometer resolution 


The spectral line widths are determined by focal aberration, the intrinsic crystal 
diffraction pattern, and the source width. The source width is always chosen close 
to 0.1 mm, an optimal value as it is equal to the combined width of focal aberration 
and the diffraction pattern. This fact has been found in a previous investigation [18] 
and agrees with predictions by Sumbaev [19]. The source height gives only a small 
contribution to line width as vertical divergence effect, and the source depth (the 
dimension parallell to the beam direction) gives an equally small contribution due 
to defocussing. In order to get a high counting rate with a limited specific activity, 
a strip source of dimensions 15-4-0.1 mm* is conveniently used. The total line width 
for a gamma ray from such a source is 16” (seconds of arc). For an X-ray line a further 
broadening is caused by natural line width. This is apparent from Fig. 7, where an 
X-ray and a gamma line are superimposed. . 

The variation of the spectrometer resolution in terms of energy is easily obtained 
by differentiation of eq. (2), and is given by the expression: 


AE 


5 (%)=1.4-10 °E (keV). (1) 
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3. Energy measurements 
3.1. Experimental procedure 


The source is usually a self-limiting strip of material, which is sandwiched between 
machined aluminium plates before activation. Such a capsule, once activated, is 
placed in a slot in the source holder, where tightening screws serve to give the source 
a well-defined position and alignment. The source holder is then slid into the proper 
position for the source to coincide with the Rowland circle for the energy region to be 
explored. The method of finding this position (“Hartmann tests’’) has been described 
previously [14]. For energies above 200 keV, this position is one and the same. A 
pulse height spectrum is then recorded in the direct beam, giving information on the 
optimal adjustment for the discriminator channel of the detector. With the collimator 
in the correct bearing, the curved crystal is swept over the interesting angle region 
in steps of 2 to 3 seconds of arc, the angular positions are read and counts are taken. 
A line profile delineated, the crystal (and collimator) is swung to the mirror-sym- 
metric position by turning through the double Bragg angle, and a second profile 
is recorded. 

The angular positions of the lines can be established by taking the diameter of 
horizontal chords. An alternative method is that of superposition of profiles, discussed 
by Muller et al. [20]. The angular displacement of the lines required to bring about 
the closest overlapping, is then determined, judging by the eye. The advantage, in 
point of principle, of this procedure lies in the fact that asymmetries in line shape 
caused by the source and crystal, are reflected in the same way in both profiles, and 
do not influence the angle measurement. Both the above methods have been found 
to yield the same results for lines recorded with the present spectrometer. It is 
namely of no consequence if the superposition is carried out literally, or just by 
establishing the line positions in the same way for both profiles, the existing asymme- 
tries reduce in importance by the mere fact that two identical profiles are employed. 

Bragg’s law will now give the wavelength A from knowledge of the diffraction angle 
0. It is, however, necessary to carry out a calibration, determining the atomic spacing 
d of the crystal plane employed: 


A =2d sin 6. (2) 
For the calibration a standard X-ray line, preferably of low energy to permit a high 
relative accuracy, is used. As has been discussed at length previously [14], the value 
of d thus obtained includes allowance for several systematic errors with a linear 
wavelength dependence. The calibration constant is to a slight extent dependent on 
the exact geometrical alignment of the crystal, and the calibration should be repeated 
after a readjustment of the spectrometer. The gamma-ray wavelengths will be 
obtained in X-units. The conversion constant to keV is given by Cohen and Du Mond 
[47]: 

12372.44 keV: XU. 


3.2. Error estimate 


The limits of accuracy of measurements with the present instrument are primarily 
determined by the quality of the circular scale. From previous X-ray measurements, 
using different parts of the scale and comparing with the results from other laborato- 
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ries and data obtained with different methods [14, 18, 21-23], it can be concluded 
that the systematic errors in one angle reading is less than 0.2”. This means for an 
angle measurement (the difference between two angle readings), 0.2 /2”, and for a 
Bragg angle, which is half the measured angle, about 0.15”. It should be noted that 
a reading always involves a check on five consecutive scale divisions. 

The accidental errors associated with the determination of a line position are con- 
nected with the reproducibility in the angle readings and count statistics. Experience 
from previous X-ray measurements with very good count statistics has shown [21] 
that the standard deviation in line position amounts to 1/80 of the line width at half 
maximum intensity. This still applies to strong gamma rays. An estimate of the stand- 
ard deviation in line position, caused by statistical fluctuations, has been given by 
Muller et al. [20]. Muller's formula has been derived to apply to the method of profile 
superposition, but can be used with sufficient approximation in the present case. 
The standard deviation in Bragg angle, +o, is given by the formula: 


oO 


Be Se ee) ao 


We B 


W is the base width of the line (assumed triangular) in angular measure, H and B 
are its peak height and background height (in counts per unit time) and 7’ is the total 
aggregate of counting time expended in determining the points on the profiles. As 
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Fig. 8. Two regions in the spectrum of Ir’? around 300 and 600 keV. The 613 keV line nia 
fe west energy recorded so far with the instrument. Count statistics are indicated. The tota 
source strength is about 340 mC. 
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expected, o becomes negligible for the strong lines, such as the 300 keV group in 
Fig. 8, but for weak lines good agreement has been found with the observed reprodu- 
cibility. If 7 measurements are made, the standard deviation for the mean is found 


by division of o by Vn. The errors assigned in Bragg angle are double standard devia- 
tions, quadratically added to the systematic error allowance. A calibration error of 
27 ppm is finally included in the wavelength and energy errors given. 

It should be pointed out that the procedure of fitting a curve to a number of 
points with poor statistics, such as those in Fig. 9, is simplified by the fact that line 
shape and width are the same in the two spectrometer positions, and the same for 
weak and strong lines from the same source. The profiles are always symmetrical, 
providing, of course, that they contain only one gamma energy. 


3.3. Experimental results 


a. Calibration, W Ka, 

Before the present investigation took place, the conical shaft of the precision circle 
was re-oiled. A subsequent readjustment of the spectrometer was made, and a recali- 
bration was therefore required. 

W Ka, can be regarded as one of the best established X-ray lines. It has been 
measured by three authors, relative to Mo Ka, a line which is closely connected to 
the definition of the X unit by several high precision determinations in different 
laboratories. The W Ka, wavelength measurements are reviewed in Table 2. The 
unweighted mean is the same value as that recommended by Sandstrém [26], and 
has been used in this calibration. 

The source used was a tungsten strip, which upon activation gives W187, a beta 
emitter which produces a fairly high yield of W AK X-rays. One of the recorded W 
Ka, profiles is shown in Fig. 7, and the results of the calibration are found in Table 2. 

It should be noted that thermal expansion of the quartz crystal makes a tempera- 
ture correction necessary if the subsequent energy measurements are not made at 
the same temperature as the calibration. The Bragg angles have therefore been 
reduced to 18°C with the aid of the following correction in seconds of are: 


A6” =3.0 (¢ — 18.0) tg 0. (4) 


¢ is the mean temperature and the correction is applied with sign. 


Table 2. Previous measurements of W Ka, and spectrometer calibration. 


Previous measurements of W Ka, 


Calibration 

4, XU | prrarer Bragg angle, 18°C 
208.571 + 0.010 Ingelstam [24] poe ol 87 
208.575 + 0.008 Watson et al. [25] Demat 20% 


208.572 + 0.004 Beckman et al. [14] 


Mean: 208.573 cf Sandstrém [26] Mean: 5° 4’ 51.9” + 0.5” 
d: 1177.51 40.03 XU 


a ee eee eee 
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Fig. 9. The Th B line as recorded in the two positions of the spectrometer after correction for 
decay. The errors, double standard deviations, in profile position, caused by count statistics 
according to eq. (3) are indicated at the base of the lines. 


Delle Ls(k O27) 

The conversion lines following the Th b—C transition are frequently used as 
calibration standards in beta spectroscopy. Only one crystal diffraction measure- 
ment of the gamma lines has so far been made, by the Du Mond group in 1952 [20]. 

The source was prepared from a radiothorium source of 20 mC strength by collect- 
ing the active, gaseous radon as a deposit on a 0.1 mm thick monel wire, held at a 
high negative potential. The short half-life of the lead isotope, 10.6 hours, made cor- 
rections for decay especially important in this case, particularly in view of the long 
counting times; it took 10 hours to cross both profiles. The background without the 
source in the spectrometer (which was 85 % of the total background during the meas- 
urements), was first determined accurately and later subtracted from the number 
of counts obtained during the recording. Each point was then corrected for the 
exponential decrease in intensity, the resulting profiles being shown in Fig. 9. 

Four measurements of the strongest line are reported in Table 3. The first two 
were made with rather poor statistics, rendering the results a low weight. For a 
comparison of the present result with previous beta spectrometer data, the F and I 
conversion line energies have been calculated by subtraction of the A and L, binding 
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Table 3. Th B (Pb?!*) measurements. 


Bragg angle oa Wavelength Energy 
18°C Weight XU ket 
1 TBS aby is 1 51.859 238.578 
He Miey Cale? 1 51.843 238.652 
1 May ees 4 51.857 238.589 
Teele 42107 a 51.853 238.604 
Mean: 1° 15’ 42.1” + 0.4” | 51.854 + 0.005 238.599 + 0.022 


Table 4. Comparison between present and previous Th B data, energies given in keV. 


Present | Muller et al. [20] | Siegbahn e¢ al, [27 de Vries [28] 
Gamma line 238.599 238.595 + 0.032 — = 
F-line 148.066 — 148.08 + 0.02 148.05 + 0.03 
I-line 222.204 = 222.21 + 0.03 222.18 + 0.05 


energies of Bi according to ref. [24, 26, 29]. The agreement is seen from Table 4 to be 
very good, and it should be noted that the present measurements, although performed 
on a very weak line, are nevertheless of a higher relative accuracy than the most 
precise beta spectroscopic data available. 


ec. Aus 


The 412 keV line in Au? is a frequently used calibration line [11]. It was meas- 
ured here with the use of a gold source of about 1 O strength, giving a peak counting 
rate of 2500 counts per minute and a signal to backgound ratio of 12. Four measure- 
ments were made, reported in Table 5, together with the previous result by Muller 
et al. [20]. It should be reassuring for those who have been using the older value to 
note that the agreement is excellent. 


d. Sm153 


The strong 103 keV line in Sm'5* is suitable for the efficiency calibration of the 
curved crystal. As it is also used as a calibration line by beta spectroscopists at this 


Table 5. Present and previous measurements on Au?8, 


; 
Bragg angle Wav See Energy Muller et al. [20] 
18°C keV keV 
43° 51.5” 30.0442 411.808 411.770 + 0.036 
43’ 52.2” 30.0519 411.702 
43” 51.67 30.0452 411,794 
Wey Sila 30.0464 411.778 
a i a NS) tte ee 
Mean: 43’ 51.8” +0.2” | 30.0470 + 0.0024 | 411.770 £ 0.033 


— eee eee ee ee eee 
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Table 6. Present and previous measurements on Sm3, 


Bragg angle Wavelength Energy Previous 
18°C XU keV keV 
aay" That hs 119.919 103.173 Beckman [9]: 
hha Nata 103.18 + 0.04 
2° 55 7.4 119.916 103.177 Andersson [30]: 
103.27 + 0.02 
Meant! 22°55) 7.671013” 119.917 + 0.004 | 103.175 + 0.004 


Table 7. Gamma ray- and conversion electron energies, and conversion electron 
momenta of standard lines. 
a ee i oe Ee ee ee ee ee 


K conversion 1G; rersi 
Parent Gamma energy 3 ED seas 
nucleus keV e 
a : ke\ Gauss-em keV Gauss-em 
Th B 238.599 148.066 1388.37 222.204 1753.85 
+ 0.022 + 0.023 ae (Ohh + 0.023 + 0.09 
Aul98 411.770 328.662 2222.39 396.921 2503.25 
+ 0.033 + 0.034 acti + 0.034 ae ON UM 
Sm153 103.175 54.652 809.12 95.118 1087.31 
+ 0.004 + 0.004 + 0.03 + 0.004 = 0:02 


institute, an energy determination was carried out. The two previous crystal diffrac- 
tion measurements of this line are namely in strong disagreement [9, 30]. A typical 
profile is shown in Fig. 7, and the results are given in Table 6. 

For the benefit of beta spectroscopists, a summary is given in Table 7 of the 
measurements on Th 6, Au! and Sm!*, in terms of gamma energies as well as 
conversion electron energies and momenta. The atomic binding energies are obtained, 
for Bi from photo electron data on the Ly; level by Sokolowski [29] together with 
X-ray data from Sandstrém [26], for Hg likewise from Sokolowski [29] and Sand- 
strom [26] although the K level is computed from X-ray measurements by the 
present author [48]. In Eu, the present author has together with Hagstrom [22], 
made photo electron and X-ray measurements which give the A and L levels. The 
conversion from electron energy to momentum has been carried out with the aid of 
the tables by Gerholm [49] which enable high accuracy as they permit interpolation 


to second order. 


pM ded 

Ir!92 ig a source with a long half-life and which can be obtained in high strength. 
It contains several lines of different energies and is ideal for testing and adjusting 
the spectrometer. The energies and intensities of the emitted gammas have been 
measured previously by several authors. The source used in this investigation, a 
120 mg strip, was activated to a strength of 340 mC. Part of the spectrum is shown in 
Fig. 8. The energy measurements, together with previous data, are reported in 
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; 2 
Table 8. Present and previous measurements on Ir’. 


Mean values of Previous data, keV 
Daughter Bragg angle Bragg angle Ryde et al. [11] 
nucleus [32] 18°C Wavelength, XU Muller et al. [20] 
Energy, keV 
pti 29’ 28.2” 29’ 28.5” +0.7” == |S 
29’ 28.8” 20.191 + 0.008 612.87 + 0.61 
612.77 = 0.25 
Pti9? 29’ 51.8” 29° 52.67 310.7” ; 
297 53.37 20.466 + 0.008 604.53 + 0.59 
604.54 + 0.24 
Py 30’ 39.0” 30° 39.4” + 0.7” = 
30’ 39.7” 21.000 = 0.008 588.40 + 0.28 
589.16 + 0.23 
IDE 38° 35.5” 38935) 1220.37 467.95 + 0.12 
38’ 34.8” 26.432 + 0.003 467.984 + 0.061 
RY BY LGV 468.09 + 0.05 
Pris yeh RVG 57, 3.97 0.37 316.52 + 0.04 
inh By? 39.090 + 0.003 316.462 + 0.034 
yh CGY 316.512 + 0.020 
IPtte2 58 33.2” 58’ 33.4” +0.3” 308.66 = 0.06 
58’ 33.6” 40.112 + 0.003 308.454 + 0.033 
308.447 + 0.022 
Pt! eg ies WO Wyse OSy 295.96 + 0.10 
heel 2 41.804 + 0.003 295.942 + 0.031 
295.963 + 0.021 
Ost? 1°27 46.0" | ie o7 4617 0.5" _ 
60.118 + 0.006 205.736 = 0.038 
205.803 + 0.021 
Os!” 120'4a17) nie aaa s 
61.466 + 0.006 201.306 + 0.037 


201.289 + 0.020 


Table 8. A support for the present data can be found by adding up cascading gammas 
and comparing with the crossovers according to the decay scheme in ref. [45]. If 
the energy value of a weak, low energy line is taken from Muller et al. [20], three 
such relations can be found, presented in Table 9. 


Table 9. Energy relations between transitions in Pt!92. 


Sum of cascading energies, keV Crossover energy, keV 


295.963 + 308.447 = 604.41 + 0.04 

136.33* + 468.09 = 604.42 +0.05 

295.963 + 316.512 = 612.48 + 0.04 

Sea ee ee Se ee ee | 
* Taken from ref. [20]. 


604.54 + 0.24 
612.77 + 0.25 
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4, Intensity measurements 


The relative intensities of the gamma rays are obtained in the following way. The 
spectrometer is set at the Bragg angle corresponding to the peak of a line being 
studied, and the pulse height spectrum of the Nal scintillation detector is recorded. 
By changing the Bragg angle by the small amount required to depart from the line 
profile, the background, arising mainly from the influence of the direct beam, can 
be recorded and subtracted. The total number of counts recorded in the photopeak 
is then proportional to the relative intensity of the gamma line after corrections for 
absorption, curved crystal reflectivity and detector efficiency are applied. Because 
of the energy dependence of the detector resolution, the area under the photopeak 
rather than the maximum counting rate should be used. The mentioned corrections 
will now be discussed in turn. 


4.1. Absorption 


Attenuation of the radiation by absorption in the spectrometer takes place mainly 
in the curved crystal and is rather small, less than 3% for energies above 100 keV. 
The self-absorption in the source, however, constitutes a much more serious problem. 
In order to make the absorption corrections small and easily calculable, the source 
should be in the form of a wire, or, as a powder, packed in a capillary tube. At present 
it is not possible to obtain the high specific activities required in such an arrange- 
ment. Instead, strips of material, 15-4-0.1 mm? in size, were used, yielding up to 40 
times the intensity obtainable from a 0.1 mm thick wire of the same specific activity. 

The absorption corrections were calculated using the following formula: 

—pud 
Ee aa (5) 
is ud 


The source depth d equals 4 mm, and values of the linear absorption coefficient 
js were computed from data given in ref. [33]. For the iridium source used, the absorp- 
tion varies from 95 % at 100 keV to 37% at 600 keV. For a rigorous application of 
these corrections it becomes important that the strip be accurately aligned with 
respect to the beam direction, which may be rather difficult to accomplish. A way 
to surmount these difficulties is to use sources of different depth for measurements 


in different energy regions. 


4.2. Reflecting properties of the curved crystal 


a. Previous work 

The reflecting properties of an elastically bent crystal in the (Laue) transmission 
case have been investigated by several authors. The first extensive experimental and 
theoretical studies of this problem were made by the Pasadena group in the disserta- 
tion work carried out by Lind and by West, unpublished but summarized by Lind, 
West, and Du Mond [34] in 1949. Employing the same crystal plane as the one used 
in the present work, quartz (310), in a 1 mm thick lamina, curved to 2 m radius, 
those authors found that the integrated reflection coefficient: R, varied inversely 
as the square of the energy of the reflected radiation. This behaviour was known to be 
characteristic of a mosaic crystal assuming low primary and secondary extinction. 
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The reason for this behaviour remained obscure but it was generally believed that 
the bent crystal consisted of a mosaic of a number of finite perfect domains. It was 
shown by Sumbaev [35] in 1957, however, that the complete expression for Re 
could be derived from the theory of elasticity of an anisotropic body. 

The experimental evidence for an E~* dependence of Ry by Lind, West, and Du 
Mond covered the region of 25 keV to 1.3 MeV. In 1956, Hatch [36], using an improved 
technique, verified the same energy dependence for a crystal of double the thickness. 
The E- power law was generally accepted by various authors, for instance Beckman 
[37], and Jaffe et al. [38], in relative intensity measurements. Day [17], however, 
working with the small Argonne instrument, reported the exponent to be —1.35 
for topaz (303) in the energy region of 50 to 80 keV. Cochran and Ross [39] measured 
R, for a mica crystal for low energies and found an £~** dependence for energies 
above 25 keV. For energies decreasing below this value, the exponent was found to 
increase through zero to positive values below 15 keV. The authors interpret their 
findings as the influence of increasing secondary extinction and conclude that it will 
be necessary to carry out a direct calibration of a curved crystal over the actual range 
of energies within which intensity measurements are to be made. Sumbaev [12] 
reports a value for the exponent of — 1.85 + 0.04 for quartz (310) 1.6 mm thick, in 
the energy region of 152 keV to 1.23 MeV as a result of measurements with the 
Leningrad spectrometer. Schult [15], in his thesis, describing the diffraction instru- 
ment in Miinchen, presents a thorough discussion of the problem and reports experi- 
mental evidence of a H~? dependence of quartz (100), 1 mm thick, for high energies 
and weak reflections, whereas for low energies and strong reflections, an “‘ideal”’ 
E~ behaviour is found. Finally, Edwards in a recent, not yet published thesis work 
[40] on Du Mond’s instrument in Pasadena, has measured the energy dependence of 
R, employing two different methods. He reports the values for the exponent: 


— 1.963 + 0.027 and — 1.999 + 0.020, mean value — 1.986 + 0.016. 


In view of the close similarity between the crystal employed in the present instru- 
ment and in that of Du Mond, one should expect Edwards’ results to hold in the 
present case too. The necessity for an independent calibration is, however, apparent. 


b, Experimental procedure 


The technique used here is the same as that employed by Lind, West, and Du 
Mond [34] and which is followed by all the above authors. The detector is placed 
in the direct beam and a pulse height spectrum is recorded. The photopeaks should 
be well resolved, and the intensity J) of a particular energy is established. The 
spectrometer is then set on the diffraction peak of this energy, and a second pulse 
height spectrum, intensity J,, is recorded under otherwise unaltered conditions. It 
should first be noted that the geometry, absorption and detection conditions are 


identical except for the fact that we first record the direct, and then the diffracted 
beam. The following ratio 


iaeer (6) 


is consequently a measure of the reflection power of the crystal, usually called the 


reflection coefficient. It has been shown by Lind that under certain simplifying 
assumptions one obtains: 
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Fig. 10. The reflection coefficient, T in eq. (6) of the curved crystal for 0.1 mm source width. 


0.1 


Ry= z I. (7) 

@ 
Here ¢ is the source with and 0 the radius of curvature of the crystal. The assumptions 
are the following [34]: The linear extension of the focal aberration pattern, w,, and 
the width of the source, t, on the focal circle are approximately equal and are large 
compared with the intrinsic crystal diffraction pattern width w, and the width ws 
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of the spectral distribution. For gamma radiation, w, is always negligible, and for 
the present instrument it is known [18] that the combined width of w, and ws, is 
approximately equal to a width ¢ of 0.10 mm. It has been generally assumed that for 
quartz (310) in the stressed state, w, is only a few seconds of arc and thus much 
smaller than w,, which should give the main contribution to the spectrometer window 
besides ¢. This has been criticized by Sumbaev [19], claiming that w, is large and 
actually proportional to the thickness of the crystal lamina. An optimal value for 
Wp», equal to a source width t = 0.1 mm, is reached already for a crystal thickness of 
1.4 mm (assuming 2 m radius). In order not to rely on eq. (7) too much, sources of as 
close to equal width as possible were used in the present calibration. With the aid 
of a microscope the source widths were determined to be 0.10 mm within 5%. The 
samarium source width was determined by weighing. Eq. (7) was then used only for 
the slight correction of I to 0.10 mm source width. 

For close-lying groups of lines, such as those in Fig. 8, which were not resolved 
in the pulse height spectra in the direct beam, the intensity J, was divided according 
to the relative intensities of the lines, and the J,/J, ratio calculated for the strongest 
line in each group. 

In the logarithmic diagram, Fig. 10, T’ is plotted as a function of energy E for 
eight recorded lines in Sm157, W187, Jr192, Au, and ThB (Pb?!?). The straight line 
is drawn according to a least squares fit, and the slope is found to be — 1.987. The 
standard deviation is calculated from the displayed scatter of the experimental 
point and equals 0.049. As an error estimate 0.10 was chosen, corresponding to a 
confidence coefficient of 90%. The asymptotes of the confidence band are drawn 
in the figure. The following result is obtained: 


D= const: Here, (8) 


This applies only to the energy interval of 100 keV to 600 keV. As lower and higher 
energies are measured in the future, new points will be added to the calibration curve. 


4.3. Detector efficiency 


The efficiency calibration of a Nal scintillation detector has been exhaustively 
discussed by many authors (see for instance [41]), and can now be regarded as a 
standard procedure. Curves for the total absorption coefficient for various energies 
can be found in the literature [42]. Efficiencies for different source and crystal geome- 
tries are calculated and tabulated in ref. [43]. It is, however, a wellknown fact that 
photoelectric absorption data, taken from the literature, cannot be used to represent 
the area under the photopeak in a pulse-height spectrum. This is so because also 
the Compton scattered photons may be trapped in the crystal by secondary processes, 
and consequently the entire energy of the gamma quantum will be registered, viz. 
in the photo peak. Experimental determinations of the “peak to total ratio” are 
therefore required for each specific geometry. This is usually done employing essen- 
tially monochromatic gamma ray sources, see for instance ref. [44]. 

The calibration procedure in the present case is simplified in two respects. First, 
the source is so far removed from the Nal crystal (about 100 times the crystal dimen- 
sions), that the incident beam may be considered parallel. No edge effects need 
therefore be considered. Second, the curved crystal may serve the purpose of selecting 
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a particular energy, even from a complex spectrum, so that strictly monochromatic 
pulse height spectra for the detector can be obtained for any energy which is measured. 

In Fig. 11 the result of the calibration is represented. The solid line gives the total 
absorption according to ref. [42]. The dashed line has been obtained as the product of 
the total efficiency and experimentally determined peak to total ratios. Due to 
the lack of a sufficiently strong source in the high energy region, the 660-keV point 
was obtained with the aid of Cs!87 radiation, which is essentially monochromatic, in 
the direct beam. The curves show that the present scintillating crystal (cylindrical 
shape, 1”-1”) seriously reduces the spectrometer efficiency at higher energies. Substi- 
tution of a larger crystal will easily overcome this unnecessary limitation. 


4.4. Experimental results of relative intensities 


Relative intensity measurements on Ir!% carried out and corrected according to 
the above paragraphs, are given in the first column of Table 10. In view of the large 
and uncertain self-absorption corrections, only lines of energies above 290 keV are 
reported. As a comparison are given two sets of data obtained by curved crystal 
instruments, according to Sumbev [12] and the Du Mond group [20]. Three sets of 
measurements on external conversion electron intensities by magnetic spectrometers 
are also included. The agreement is satisfactory (excepting ref. [20]) considering the 
poor statistics at the highest energies in the present work (cf. Fig. 8). 


5. Total efficiency of the spectrometer 


In the preceding paragraphs the energy-dependent factors determining the spectro- 
meter efficiency were discussed. For an estimate of the total efficiency we shall con- 
sider two more factors of geometrical nature. 

By the total efficiency we shall mean the ratio of two factors. The numerator is 
the peak counting rate of a diffraction line, obtainable using sufficient channel width 
to encompass the photopeak. This number is further corrected to zero self-absorption, 
which means that we assume a source of smal] depth and high specific activity. The 


Table 10. Present and previous measurements of relative intensities from 
the decay of Ir'®?. 


Crystal diffraction External conversion electrons 
= Ta ae . 
keV Sumbaev Muller* Baggerly Johns, Bashilov 
Eaeeent [12] et al. [20] et al. [32] | Nablo[31] | et al. [50] 
39.0 
296 34.5 37.0 38.3 35.9 33.9 
308 38.0 37.9 37.2 34.9 36.4 40.3 
317 100 100 100 100 100 100 
468 60.2 61.0 30.3 64.0 73.9 53.2 
589 4.2 6.6 ell fol 8.3 4.3 
605 9.5 12.6 1.4 14.0 13.0 13.0 
613 7.5 9.2 0.5 8.4 8) 5.3 


nn (ec nnn a 


* Given with the reservation that lines widely spaced in energy cannot be accurately compared. 
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Fig. 11. Efficiency curves for the detector, a 1”-1” Nal(Tl) cylindrical scintillator. The upper 
curve is taken from ref. [42]. The lower, dashed line is the photopeak efficiency. 


Fig. 12. The total spectrometer efficiency. The solid line is obtained as the product of the curves 

in Figs. 10 and 11, and the effective solid angle. The points represent experimentally obtained 

counting rates divided by the effective source strength. Self-absorption in the source is neg- 

lected, and 0.1 mm source width is assumed. For convenience the efficiency is expressed in two 
denominations. 


denominator is the total number of quanta of a specific energy, emitted by the 0.1 mm 
wide source. It is easily seen that the total efficiency so defined can also be obtained 
as the product of [, the reflection coefficient (Fig. 10), the detector efficiency 
(dashed line in Fig. 11), the solid angle and the collimator transmission. 


5.1. Solid angle 


The smallness of the solid angle subtended by the curved crystal from the source 
is the main cause of the low efficiency of curved crystal spectrometers. As usual, it 
is the price paid for high resolution. The solid angle in this instrument is equal to 


6.0: 10-6 steradians. 


The solid angle is not strictly independent of energy, as the source must be moved 
in order to fulfill the focussing conditions for lower energies. The change is, however, 
less than 1% for energies above 40 keV. 
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9.2. Collimator transmission 


The geometrical transmission of the collimator is easily calculated and found to be 
60 %. From the fact that the transmission curve, Fig. 6, has an extended flat top, we 
conclude that the actual transmission is the same as the geometrical. 

An additional reduction in luminosity is caused by the fact that, unfortunately, 
only 93% of the beam hits the Nal crystal because of geometrical conditions. 


5.3. Experimental determination of the total ef ficiency 


By taking the product of the curved crystal and detector efficiencies and the 
above mentioned geometrical factors, we obtain the total efficiency of the spectro- 
meter, graphically represented as a function of energy, the solid line in Fig. 12. It is, 
however, possible to make an independent estimate of the total efficiency from knowl- 
edge of the source activity and the peak counting rates obtained experimentally. 
The activity can be calculated from the amount of source material, the thermal neu- 
tron cross section, the thermal neutron flux and irradiation time in the reactor. 
Furthermore, information about the abundance of the emitted gamma rays is re- 
quired. This can be found in ref. [45] with sufficient accuracy for two of the isotopes 
used in this work, Ir!®? and Au}, 

The peak counting rates obtained for the main lines from these isotopes were 
corrected for source absorption and for the fact that the maximal channel width did 
not quite encompass the whole of the photopeaks at the higher energies. 

From the above considerations the five experimental points in Fig. 12 have been 
established. The agreement with the calculated efficiency is surprisingly good, and 
gives strong support to the validity of the efficiency estimates. It should be noted 
that source absorption has been neglected, and that detector improvements will 
increase the efficiency at higher energies. 

As a summary of the above discussions on relative intensities and efficiencies one 
might be justified in stating that the high neutron fluxes which will soon be available," 
will provide the high specific actitivites required for precision measurements of 
energies of weak lines, and for relative intensity measurements with an accuracy of 
a few per cent, at least for the strong lines. 
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